Stressor exposure induces neuronal remodeling in specific brain regions. Given the persistence of stress-related illnesses, key next steps in determining the contributions of neural structure to mental health are to identify cell types that fail to recover from stressor exposure and to identify "trigger points" and molecular underpinnings of stress-related neural degeneration. We evaluated dendrite arbor structure on hippocampal CA1 pyramidal neurons before, during, and following prolonged exposure to one key mediator of the stress response -corticosterone (cortisol in humans). Basal dendrite arbors progressively simplified during a 3-week exposure period, and failed to recover when corticosterone was withdrawn. Corticosterone exposure decreased levels of the dendrite stabilization factor Abl2/Arg nonreceptor tyrosine kinase and phosphorylation of its substrates p190RhoGAP and cortactin within 11 days, suggesting that disruption of Arg-mediated signaling may trigger dendrite arbor atrophy and, potentially, behavioral abnormalities resulting from corticosterone exposure. To test this, we administered the novel, bioactive Arg kinase activator, 5-(1,3-diaryl-1H-pyrazol-4-yl)hydantoin, 5-[3-(4-fluorophenyl)-1-phenyl-1H-pyrazol-4-yl]-2,4-imidazolidinedione (DPH), in conjunction with corticosterone. We found that repeated treatment corrected CA1 arbor structure, otherwise simplified by corticosterone. DPH also corrected corticosterone-induced errors in a hippocampal-dependent reversal learning task and anhedoniclike behavior. Thus, pharmacological compounds that target cytoskeletal regulators, rather than classical neurotransmitter systems, may interfere with stress-associated cognitive decline and mental health concerns.
Introduction
Chronic stress can lead to alterations in neuron structure and function in several brain regions, including the hippocampus where stressor exposure induces dendrite atrophy in rodent models (McEwen et al., 2016) . In humans, morphological, functional, and structural changes in the brain correlate with stress load, depressive episodes, and sensitivity to antidepressant treatment (Sheline, 2000; Sheline et al., 2003; Koolschijn et al., 2009; Lorenzetti et al., 2009 ). Further, stressinduced structural changes can be cumulative (Seo et al., 2014) , and in rodents, neural remodeling -both atrophy and hypertrophy, depending on brain region -correlates with impairments in attentional function (Liston et al., 2006) , hippocampal-dependent learning and memory (Sousa et al., 2000) , and depression-like behavior (Gourley et al., 2013) . The complexity of the stress response, however, has made elucidating the mechanisms by which stressors remodel neurons difficult. Further, discrete cell types have different sensors and response mechanisms for stress-associated signals, highlighting the need to investigate cell type-specific effects.
Assessing the impact of discrete components of the stress response may have utility in identifying stress-mediated mechanisms that modify neural structure. In rodents, exposure to elevated levels of the primary glucocorticoid, corticosterone (CORT, cortisol in humans), is sufficient to disrupt hippocampal dendrite structure at the level of dendritic spines, as well as the entire dendrite arbor (McEwen et al., 2016; Conrad et al., 2017) . Mechanisms by which CORT disrupts dendrite arbors are not well understood, despite the central role dendrite shape, size, and branching pattern play in circuit formation and function. For instance, dendrites provide surface area to house dendritic spines, and they also inform the spatial specificity of synaptic connections and determine computational integration and summation of postsynaptic responses (Koleske, 2013) . Understanding how dendrite structure is impacted by CORT may be essential to understanding how stress impacts brain function.
Landmark studies indicated that both stress and CORT cause atrophy of hippocampal CA3 apical dendrite arbors, and arbor structure rebounds when CORT levels normalize (reviewed in Conrad et al., 2017) . By contrast, in hippocampal CA1, CORT-induced basal dendrite atrophy does not recover following a 7-day CORT washout period (Gourley et al., 2013) . Hippocampal CA1 neurons integrate inputs from CA3 and the entorhinal cortex to coordinate hippocampal-dependent decision making (Kelemen and Fenton, 2016) . Identifying intracellular mechanisms that contribute to stressor-related vulnerabilities may thus shed light onto the mechanisms by which stress and CORT lead to behavioral consequences that also persist beyond the period of exposure.
Previous work from our group has identified an integrin-Abl2/Arg kinase-p190RhoGAP cascade that attenuates RhoA-ROCK signaling to stabilize hippocampal CA1 dendrite arbors (Moresco et al., 2005; Sfakianos et al., 2007; Warren et al., 2012; Kerrisk et al., 2013; Lin et al., 2013; Koleske, 2013) . The current study provides evidence that CORT exposure disrupts this dendrite stabilization pathway. More specifically, we find that elevated CORT reduces levels of Arg, as well as phosphorylation of Arg substrates p190RhoGAP and cortactin, in the hippocampus. Consistent with this pattern, phosphorylation of the RhoA-ROCK signaling target cofilin is also increased. These changes coincide with reductions in dendrite arbor complexity in hippocampal CA1 and occur at a point when the levels and activities of other cytoskeletal regulatory elements are intact. Finally, we show that the novel small molecule Arg activator, DPH, blocks CORT-induced CA1 dendrite atrophy and rescues depression-like behavior and deficiencies in hippocampal-dependent decision making. Together, these findings suggest that pharmacotherapies that target dendrite-stabilizing cytoskeletal regulatory mechanisms may impede stress-associated cognitive decline and mental health concerns.
Materials and methods

Subjects
Subjects were wild type C57BL/6 mice bred in-house from Jackson Labs stock. Experiments were initiated between postnatal day (P) 31-49, a timeline consistent with our previous investigation of hippocampal CA1 dendritic arbors (Gourley et al., 2013) . Female and male mice were used for immunoblotting, immunoprecipitation, and behavioral studies. Anatomical studies were conducted using males. Studies were approved by the Emory and Yale IACUCs, as appropriate.
CORT exposure
4-Pregnen-11β-21-DIOL-3-20-DIONE-21-hemisuccinate (CORT; Steraloids) was dissolved in water (25 μg/ml free-base,~4.9 mg/kg/ day) (Gourley et al., 2013; Gourley et al., 2008) . Mice were euthanized following 4, 10-11, or 20-22 days of exposure (the latter time points referred to as 11-day and 21-day, respectively). Additional groups were exposed to CORT for 21 days, then euthanized following a 7-or 20-22-day washout period (referred to as + 7 day washout and + 21 day washout, respectively) Timelines are provided in the figures.
Mice in behavioral experiments were exposed to CORT for 21 days, then regular water replaced the CORT solution, and behavioral testing commenced.
Gland harvesting
Adrenal and thymus glands were extracted post-mortem following 11 days of CORT by midline dissection and weighed in pairs.
Biocytin injection of hippocampal neurons
Mice were deeply anaesthetized with pentobarbital. As previously described (Sfakianos et al., 2007) , hippocampal slices (400 μm) were prepared and maintained in a standard interface chamber at 31°C. Individual CA1 pyramidal neurons were injected with 4% biocytin solution in 2 M potassium acetate solution, pH 7.5. Neurons were injected with 200 ms current injections of 4 nA at 2 Hz for 20 min. Only neurons that maintained a membrane potential and fired action potentials during this entire period were analyzed. Sections containing injected neurons were fixed in 4% paraformaldehyde overnight, cryoprotected in 30% sucrose, then re-sectioned at 40 μm, and visualized using standard avidin-horseradish peroxidase (HRP) staining (Vectastain Elite ABC; Vector Laboratories). Approximate ranges of injection were 3.7-4.0 mm lateral, − 2.5 to − 4.5 mm ventral, and −3.3 to − 3.5 mm caudal of bregma.
Morphometric analysis of dendrites
Serial sections containing dye-filled neurons were traced sequentially starting at the cell body and moving in the + and − directions under 100× magnification using a light microscope outfitted with a Z drive. Cells were then reconstructed using Neurolucida software (MicroBrightField). As is standard practice, sections were apposed using landmarks and were aligned at high magnification by joining interrupted primary and secondary branches based on position, orientation, and dendrite thickness as well as other local tissue markers. Z-stack series of individual biocytin-labeled neurons were considered complete only when clean dendrite-free sections were detectable on the far + Z and − Z margins. Sholl analysis, total dendrite length, and branch point number were determined using NeuroExplorer (MicroBrightField). Neurons were traced by an experimenter blind to group. A maximum of 5 neurons were sampled from each animal. Outliers were identified as values > 1.5 times the interquartile distance either below the first or above the third quartile and excluded.
Immunoblotting
Mice were euthanized by rapid decapitation at the time points indicated, and brains were extracted and frozen at −80°C. Brains were sectioned into 1 mm coronal sections using a chilled brain matrix. Tissue punches (1 mm diameter) were aimed at the dorsal-intermediate hippocampus, where CA1-rich samples could easily be collected, and ventral hippocampus, where CA3-rich samples could readily be collected. Tissues were homogenized by sonication in lysis buffer [200 μl: 137 mM NaCl, 20 mM tris-Hcl (pH = 8), 1% NP-40, 10% glycerol, 1:100 Phosphatase Inhibitor Cocktails 2 and 3, 1:1000 Protease Inhibitor Cocktail (Sigma)], and stored at − 80°C. Protein concentrations were determined using a Bradford colorimetric assay (Pierce).
Equal amounts of protein (15 μg) were separated by SDS-PAGE on 7.5% gradient Tris-glycine gels (Bio-Rad). Following PVDF membrane transfer, blots were blocked with 5% nonfat milk for 1 h. Membranes were incubated with primary antibodies at 4°C overnight and then incubated in horseradish peroxidase secondary antibodies for 1 h. Immunoreactivity was assessed using a chemiluminescence substrate (Pierce) and measured using a ChemiDoc MP Imaging System (BioRad). Densitometry values were individually normalized to the corresponding loading control, which did not change as a function of CORT exposure, and then normalized to the control sample mean from the same membrane in order to control for fluorescence variance between gels. Phospho-protein levels were normalized to the corresponding total protein levels.
Primary antibodies are listed in Supplementary Table 1 .
Immunoprecipitation
Tissue homogenization and immunoprecipitation were performed in ice-cold lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, and 2.5% CHAPS with protease and phosphatase inhibitors) as described previously (Hernandez et al., 2004) . Briefly, hippocampi were dissected in ice-cold PBS, homogenized and sonicated, and spun to remove debris, followed by removal of detergent using BioBeads (BioRad) overnight at 4°C with gentle mixing. Protein extract was standardized to 1 mg/ml and precleared at 4°C for 20 min with protein A/G agarose resin (Pierce). Supernatants were then rotated with antip190RhoGAP (clone D2D6; Millipore) at 4°C overnight, and immune complexes were bound to protein A/G agarose resin at 4°C for 1 h with gentle rotation. After centrifugation, supernatant was kept for depletion analysis. Resin was washed three times with 1 ml of lysis buffer and resuspended in 30 μl of 1× LSB. Samples were boiled for 10 min and separated via SDS-PAGE before transfer to nitrocellulose for immunedetection. Equal volumes of input and supernatant were loaded and verified by total protein staining.
DPH treatment in vivo
DPH (Sigma and MedChemExpress) was suspended in 17% DMSO and PBS and administered at 30 mg/kg, i.p., 1 ml/100 g. In the case of acute DPH treatment, mice were given a single administration of DPH and euthanized 4 h later for immunoblotting experiments. In the case of repeated administration, DPH was delivered daily starting on day 11 of the CORT exposure period, corresponding to the time point when dendrite atrophy first became detectable in our anatomical studies. DPH treatment then continued throughout the remainder of the CORT exposure period. During this time, DPH was prepared fresh every 3 days. Then, behavioral testing commenced, or mice were euthanized for cellular morphology studies, with euthanasia occurring 16-20 h following the final injection.
Instrumental reversal task
Mice were trained to nose poke for 20 mg grain-based food reinforcers (Bio-Serv) using standard illuminated Med-Associates conditioning chambers equipped with 2 nose poke recesses located on opposite sides of one wall. Mice were reinforced for responding on one nose poke recess according to a variable ratio 2 schedule of reinforcement. Responding on the remaining recess was non-reinforced. Mice were trained once/day for 7-9 days (i.e., 7-9 training sessions for each mouse) until they clearly distinguished between the reinforced and non-reinforced responses. Sessions were 25 min long. Response rates generated during the final 7 sessions for all mice were compared between groups and are shown.
Next, a 25 min hippocampal-dependent reversal test was conducted (Gourley et al., 2010) . Mice were reinforced for responding on the aperture located on the opposite side of the chamber, whereas the previously-reinforced response no longer generated food. Persisting in generating the non-reinforced response is considered erroneous, and erroneous response rates were compared between groups. The percentage of total responses that were correct was also compared between groups.
Sucrose consumption and locomotor activity
Next, female mice were given ad libitum access to food and water and housed individually with bedding and nesting materials for 24 h. Water was then removed 19 h prior to test, when mice were given access to a water bottle containing 1% w/v sucrose (Gourley et al., 2008) . Bottles were weighed before and after the 1-hour test, and the difference in weight was normalized to each animal's body weight. Upon analysis, 3 values > 2 standard deviations above the mean were identified -likely due to fluid spillage -and excluded.
During this time, cages were positioned in customized locomotor monitoring frames (Med-Associates) equipped with 16 photobeams. Total beam breaks were collected over the 24-hour period and compared between groups. Ambulatory counts (> 2 sequential photobeams) and stereotypy-like counts (repetitive breaking of the same beam, as during grooming) were also extracted.
Estrous status was assessed on the sucrose consumption test day in accordance with Byers et al., 2012 .
Statistics
Neuron morphometric measures, densitometry values, nose poke response metrics, sucrose consumption values, and locomotor scores were compared by analysis of variance (ANOVA) with repeated measures when appropriate. Sucrose consumption was also analyzed by ANOVA as a function of animals' estrous phases. In case of interactions or main effects between > 2 groups, Tukey's post-hoc comparisons were applied.
Results
CORT simplifies hippocampal CA1 dendrites
We first aimed to identify the time point when CORT-induced atrophy of hippocampal CA1 dendrite arbors first became detectable. To this end, mice were exposed to CORT and euthanized following 11 or 21 days of exposure. To test for persistence of anatomical deficits, if any, additional groups were exposed to CORT for 21 days, followed by a 7-or 21-day washout period prior to euthanasia (timeline in Fig. 1a) .
Analysis of complete dendrite reconstructions (Fig. 1b) revealed that CORT progressively induced degeneration of basal dendrite arbors. Specifically, we detected significant losses in branch intersections 125-175 μm from the soma following 11 days of CORT exposure [interaction F (4,105) = 2.8, p = 0.03] (Fig. 1c) . We additionally confirmed that adrenal and thymus glands were atrophied, as would be expected with exogenous CORT exposure (Suppl. Fig. 1 ).
With 21 days of exposure, we found similar reductions in dendrite branching within 125-175 μm from the soma, and that these defects had extended proximally, to 100 μm from the soma, with trends for reductions also detected at 50-75 μm from the soma (Fig. 1c) . By contrast, CORT did not affect apical dendrite intersections [interaction F (4,95) = 1.1, p = 0.35] (Fig. 1d) . Thus, 11 days of CORT exposure is sufficient to trigger basal dendrite retraction in hippocampal CA1. This basal dendrite atrophy worsens with longer CORT exposure, and it fails to recover when CORT is removed (Fig. 1c) .
Paralleling these findings, total basal, but not apical, dendrite length was reduced by 21 days of CORT exposure, and failed to recover [basal F (4,106) = 3.1, p = 0.02; apical F (4,99) = 1.5, p = 0.2] (Fig. 1e-f ). Basal dendrite branch points also decreased following 21 days of CORT, and did not recover [F (4,106) = 2.5, p < 0.05] (Fig. 1g) . By contrast, apical branch points increased following 11 days of CORT exposure and at the latest washout period tested [F (4,99) = 3.2, p = 0.02] (Fig. 1h) . Thus, 11 days of CORT exposure triggers modifications in CA1 basal dendrite arbor structure. Dendrite simplification worsens with further exposure such that deficiencies in overall length and branching become detectable, and they fail to recover within 21 days.
Based on these findings, we measured the levels and activities of a panel of cytoskeletal regulatory factors following 11 days of CORT. An additional group was euthanized 1 week earlier, following 4 days of CORT (Fig. 2a) . In samples that would be expected to primarily contain hippocampal CA1 tissue, 11 days of CORT exposure reduced Arg levels by 28% [F (2,21) = 6.27, p = 0.007] (Fig. 2b) (Fig. 2c,d) , whereas total cortactin levels L.P. Shapiro et al. Molecular and Cellular Neuroscience 85 (2017) 226-234 were unchanged [F < 1] (Fig. 2c) . Cofilin phosphorylation was increased [F (2,21) = 3.86, p = 0.04] (Fig. 2e,f) , and total coflin levels were reduced [F (2,21) = 4.93, p = 0.02] (Fig. 2e) . As phosphorylation inactivates cofilin, these effects would be associated with greatly diminished cofilin activity. We also measured AMPA GluR1, as CORT has previously been shown to regulate hippocampal GluR1 levels (Kvarta et al., 2015) . GluR1 was diminished with 4 days of CORT exposure as expected [F (2,19) = 4, p = 0.04] (Fig. 2g ) and consistent with previous findings indicating that GluR1 levels also decrease with repeated stressor exposure (Schmidt et al., 2010) . Unlike the cytoskeletal regulators tested, however, GluR1 levels normalized with 11 days of exposure. Our finding that the structure of hippocampal CA1 basal dendrites fails to recover despite removal of CORT differs from reports on dentate granule and CA3 dendrite arbors, which recover following CORT or stressor exposure (Sousa et al., 2000; Vyas et al., 2004; Maiti et al., 2008; Hoffman et al., 2011) . Accordingly, we find that tissue extracts enriched for hippocampal CA3 were largely spared changes in cytoskeletal regulators (Suppl. Table 2 ). Levels of the key cytoskeletal factor LIM kinase 2 were, however, rapidly elevated by CORT (within 4 days; Suppl. Table 2 ); this may contribute to the exquisite reactivity of hippocampal CA3 neurons to stressor exposure (Tata and Anderson, 2010) .
An Arg kinase activator induces p190RhoGAP phosphorylation
p190RhoGAP-A (p190RhoGAP) is a major substrate of Arg in the postnatal mouse brain (Hernandez et al., 2004) and is the predominant phosphotyrosine-containing protein of 190 kDa detected by the 4G10 antibody in mouse brain extract (Brouns et al., 2001; Hernandez et al., 2004) . We first verified that the tyrosine-phosphorylated protein of 190 kDa in mouse hippocampal lysate was immunoprecipitated with anti-p190RhoGAP antibodies (Fig. 3a) , as in whole-brain homogenates. 
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We then used anti-phosphotyrosine immunoblotting with 4G10 to measure phospho-p190RhoGAP levels following CORT exposure. For measurements of protein levels following CORT, we exposed mice to CORT starting at P31, then euthanized mice after 4 or 11 days, at P35 or P42 (Fig. 3b) . In contrast to all other proteins, whose levels or activity were not altered by age, we found that phospho-p190RhoGAP increased as a function of age from P35 to P42 in hippocampal tissue (Fig. 3c) . Importantly, CORT blocked this age-dependent elevation, decreasing levels by 11 days of exposure [interaction F (1,23) = 4.2, p = 0.05] (Fig. 3c) , consistent with reduced Arg levels at the same time point (Fig. 2) .
We next measured phospho-p190RhoGAP to verify the efficacy of the novel small molecule activator of Arg, DPH. Systemic injection of 30 mg/kg increased p190RhoGAP phosphorylation 4 h following injection (t 8 = 3.4, p = 0.008) (Fig. 3d) .
DPH recovers dendrite arbor structure
Given that CORT exposure simplifies basal dendrites and reduces Arg and phospho-p190RhoGAP levels, we tested whether stimulating Arg with DPH could prevent CORT-induced dendrite arbor atrophy. Mice were exposed to CORT and treated with DPH beginning at day 11 of CORT exposure when dendrite atrophy was first detectable (again, Figs. 1c, 4a) . Then, dendrites were imaged and reconstructed at 21 days of CORT exposure (Fig. 4b) . CORT decreased basal arbor length as expected, and DPH fully blocked this effect [F (2,47) = 6, p = 0.005] (Fig. 4c) . Apical arbor length did not differ between groups [F < 1] (Fig. 4c) . Sholl analyses of the basal arbors revealed interactions between distance and group [F (26,658) = 1.97, p = 0.003]. Post-hoc comparisons indicated that CORT simplified basal dendrite arbors, while DPH corrected these deficiencies (Fig. 4d) . Representative blots are below with the corresponding loading controls, HSP-70 (70 kDa) and GAPDH (37 kDa), which did not change as a function of CORT exposure. Protein levels in control mice were consistent with prior investigations (e.g., Shapiro et al., 2017) . Further detailed results and comparisons to CA3-rich samples are presented in Suppl. Table 2 . n = 6-8/group. L.P. Shapiro et al. Molecular and Cellular Neuroscience 85 (2017) 226-234 
DPH confers behavioral resilience to CORT
We next tested whether DPH could block behavioral and structural deficits induced by CORT. While exposing mice to CORT, we began treating mice with DPH starting on day 11, corresponding to the onset of basal dendrite simplification (again, Figs. 1c, 5a) . At 21 days, CORT exposure and DPH treatment were discontinued, and mice were tested in a hippocampal-dependent instrumental reversal task. First, mice were trained to nose poke for food reinforcers in operant conditioning chambers, with one of two nose poke responses reinforced. Then, mice were required to "reverse" their response to the opposite side of the chamber to continue to receive reinforcement (Fig. 5b) . The ability to reverse the initially trained response was measured.
In initial training, CORT-and DPH-exposed mice clearly differentiated between the active and inactive response apertures, with increased response rates on the active aperture [effect of response F (1,22) = 147, p < 0.001], and no effects of CORT or DPH [interactions p > 0.13] (Fig. 5c ). Upon reversal, however, CORT-exposed mice generated more errors and had difficulty performing the spatial reversal (Fig. 5d) . DPH reduced these errors [interaction F (1,21) = 5, p = 0.04] (Fig. 5d ) and increased response accuracy overall (% responses that were reinforced) [main effect F (1,20) = 5.6, p = 0.03] (Fig. 5e) . Thus, DPH corrects CORT-induced deficits in hippocampal-dependent learning and memory.
Prolonged exposure to CORT can cause depression-like behaviors (e.g., Gourley et al., 2008 Gourley et al., , 2013 , so we tested female cohorts further using a sucrose consumption test, a classical assay of anhedonic-like behavior in rodents. Prior low-dose CORT decreased sucrose consumption in females, an anhedonic-like consequence (see also Mekiri et al., 2017) . Meanwhile, DPH increased consumption, an antidepressant-like effect [interaction F (1,25) = 10.6, p = 0.003] (Fig. 5f ). There were no differences in general liquid intake (not shown). Also, sucrose consumption patterns could not be attributable to estrous phase at test [phase F (3,25) = 0.39, p = 0.76] (Fig. 5g) , in agreement with a recent report using other estrous assessment approaches (Mekiri et al., 2017) .
In the 24 h preceding sucrose consumption testing, locomotor activity counts were collected and found to be elevated in the DPH-alone group [interaction F (1,28) = 5.3, p = 0.03], but activity in DPH + CORT and CORT-alone mice did not differ from control, suggesting that the DPH-mediated recovery of sucrose consumption in CORT-exposed mice could not be attributable to locomotor activity changes (Fig. 5h) . We also analyzed locomotor counts that could be specifically attributed to repetitive stereotypy-like behavior vs. ambulatory behavior. While an interaction effect was detected for stereotypy-like counts, post-hoc comparisons were non-significant [F (1,28) = 6, p = 0.02] (Fig. 5h) . Ambulatory counts did not differ [F (1,28) = 2.2, p = 0.15] (Fig. 5h) .
Discussion
Stress hormones regulate dendrite morphology in distinct brain regions, including the hippocampus. Landmark investigations identified dendrite atrophy following chronic stressor or CORT exposure (Sousa et al., 2000; Woolley et al., 1990) , but the key signaling targets of stressor exposure were not identified. Here, we aimed to identify changes in the levels or activities of cytoskeletal regulatory factors at, or preceding, a "trigger point" when CORT-related arbor change became detectable. With 11 days of CORT exposure, we found that the basal arbors of hippocampal CA1 neurons had begun to simplify, and this effect was worsened with additional exposure, such that gross changes in arbor length and branch points became detectable. We thus focused on identifying biochemical events occurring at, and preceding, the 11-day time point. Our investigation revealed down-regulation of the Arg nonreceptor tyrosine kinase, a key regulator of cytoskeletal structure. Stimulating Arg kinase with the activator DPH protected hippocampal CA1 arbor structure in CORT-exposed mice. DPH also corrected CORT-induced deficits in a hippocampal-dependent learning and memory test and also anhedonic-like behavior, protecting against the durable effects of chronic CORT. These findings provide the first evidence, to our knowledge, that this compound impacts behavior.
Stress-related structural reorganization of hippocampal neurons
Hippocampal CA3 neurons are highly sensitive to stressor exposure (Tata and Anderson, 2010) . CA1 neurons are poorly characterized by comparison, regarded as more resilient than their CA3 counterparts (Conrad et al., 2017 ). This perspective is based at least in part on investigations using large bolus CORT doses (33-40 mg/kg) that occlude normal circadian CORT cycling (Sousa et al., 2000; Woolley et al., 1990; Morales-Medina et al., 2009) . By contrast, the oral CORT exposure procedure utilized here mimics CORT secretion during restraint stress and leaves diurnal cycling intact, with CORT levels during the inactive, daytime cycle that do not differ from control, and levels that are elevated ≥4-fold during the active night cycle (Gourley et al., 2008) . As in prior investigations, we find that chronic (3 weeks) oral (c) Mice were exposed to 21 days of CORT, with either DPH or its vehicle introduced at day 11. CORT decreased arbor length as expected, but DPH blocked this loss. As in our initial studies, apical arbors were unaffected. (d) Sholl analyses revealed that chronic CORT again decreased basal branch intersections, but DPH intervention corrected this deficiency. Bars = means + SEMs, *p < 0.05 vs. control; #p < 0.05 vs. CORT + DPH. n = 16-22 neurons/group; 6-9 mice/group. L.P. Shapiro et al. Molecular and Cellular Neuroscience 85 (2017) 226-234 CORT exposure results in dendrite simplification on basal CA1 arbors but not apical CA1 arbors (Morales-Medina et al., 2009; Gourley et al., 2013; Fig. 1) . Interestingly, 3 weeks of CORT exposure also reduces dendritic spine density on basal CA1 arbors, but dendritic spine density normalizes after a 7-day washout period while basal arbors do not recover (Gourley et al., 2013) . It is possible that dendritic spine loss following CORT -although recoverable -triggers persistent basal arbor simplification. Glucocorticoid receptors aggregate on dendritic spines in CA1 (Jafari et al., 2012) . Further, chronic stressor exposure potentiates amygdalar output and increases dendritic spine density and length in the basal nuclei (Correll et al., 2005; Padival et al., 2013) , relevant because amygdala-CA1 coupling increases, while CA3-CA1 coupling decreases, with stressor exposure, all effects that persists beyond the stressor exposure period (Ghosh et al., 2013) . Additional experiments are needed to uncover mechanisms driving persistent dendrite simplification.
Here, we capitalized on our finding that hippocampal dendrites began to atrophy with 11 days of CORT exposure to identify possible dendrite stability regulators that were impacted by CORT. Immunoblotting revealed that Arg levels decreased during this time frame, and CORT also reduced phosphorylation of its substrate p190RhoGAP. Arg mediates the stability of dendrites and dendritic spines (Moresco et al., 2005; Sfakianos et al., 2007) . In particular, it phosphorylates and activates p190RhoGAP in the postnatal brain to keep RhoA GTPase activity low (Hernandez et al., 2004) . A failure to activate p190RhoGAP-mediated RhoA attenuation, for example in Argdeficient (arg −/− ) mice, reduces neuronal dendrites (Sfakianos et al., 2007; Lin et al., 2013) . Supporting the perspective that CORT-induced reduction of Arg and phospho-p190RhoGAP triggers structural change, we find that pharmacological stimulation of Arg and p190RhoGAP (with the novel Arg activator DPH) blocks dendrite atrophy, suggesting that enriching Arg-p190RhoGAP-mediated RhoA silencing combats stress-related dendrite degeneration. These findings complement new evidence that corticosterone and corticotropin-releasing factor synergistically act on RhoA within dendritic spines to destabilize their structure (Chen et al., 2016) .
In the course of these experiments, we discovered that phosphop190RhoGAP levels increased nearly 2-fold in the hippocampus in healthy mice between P35-P42, a period when Arg knockout mice develop significant hippocampal CA1 dendrite arbor loss (Sfakianos et al., 2007) . It is possible that failures in this developmentally-appropriate surge in p190RhoGAP phosphorylation could contribute to the timing of dendrite loss in Arg-deficient mutant mice.
Reductions in phospho-p190RhoGAP, as following CORT exposure, are associated with increased RhoA activity (Hernandez et al., 2004; Sfakianos et al., 2007; Warren et al., 2012; Kerrisk et al., 2013) . Accordingly, we found that phosphorylation of cofilin, a major downstream target of RhoA-ROCK signaling, is also increased following L.P. Shapiro et al. Molecular and Cellular Neuroscience 85 (2017) 226-234 CORT. Because cofilin phosphorylation inactivates the protein, this profile is associated with less cofilin activity. Interestingly, disruption of cofilin function by phosphorylation is associated with increased dendritic spine size or stability (Shi et al., 2009) , while CORT instead eliminates dendritic spines in hippocampal CA1 (Gourley et al., 2013; Morales-Medina et al., 2009 ). It could be that the observed inhibition of cofilin activity is insufficient to protect against CORT-induced dendritic spine loss. An additional consideration, however, is that our tissue dissections contain multiple cell types and both apical and basal dendritic trees. Future investigations could aim for greater specificity in understanding cell type-or cell subregion-specific alterations in cofilin activity.
We also identified reduced phosphorylation of the Arg substrate cortactin, an actin-binding protein that stimulates the Arp2/3 complex to nucleate actin filament branches (e.g., Boyle et al., 2007; Courtemache et al., 2015) . Arg also promotes cortactin binding to actin, and the two proteins cooperate to stabilize actin filament branches (Courtemache et al., 2015; MacGrath and Koleske, 2012) . Disruption of Arg function reduces cortactin localization to dendritic spines in hippocampal neurons, leading to reduced spine actin and net spine destabilization (Lin et al., 2013) . Taken together, it may be that CORTinduced reductions in cortactin activity contribute to the reduction of dendritic spines in hippocampal CA1 upon CORT exposure (Gourley et al., 2013; Morales-Medina et al., 2009) .
CORT and stressor exposure decrease levels of the AMPA receptor subunit GluR1 in the hippocampus, and this effect can be blocked by metyropone, a CORT synthesis inhibitor (Kvarta et al., 2015; Schmidt et al., 2010) . We replicated this decline in GluR1 in hippocampal extracts, showing that CORT decreased levels within 4 days of exposure. Interestingly, levels recovered by 11 days of CORT exposure, when dendrite structure deficiencies first emerged. While CORT-induced degradation of GluR1-mediated neuroplasticity could conceivably be part of a neuronal sequela that ultimately triggers dendrite regression, additional studies specifically testing this hypothesis would be necessary, given this temporal discord.
The Arg stimulator DPH yields behavioral resistance to CORT
Given our finding that CORT exposure decreases Arg kinase levels in the hippocampus, coinciding with dendrite atrophy, we hypothesized that stimulating Arg could prevent CORT-related behavioral impairments. Using systemic administration of the Arg activator DPH at a dose that stimulated phosphorylation of the Arg substrate p190RhoGAP in the hippocampus, we found that DPH indeed blocked CORT-induced decision-making deficits otherwise characteristic of hippocampal damage (Gourley et al., 2010) in male mice. Thus, DPH blocked CORTinduced hippocampal-dependent learning and memory impairments. We also tested sucrose consumption in CORT-exposed female mice. As in CORT-exposed males (Gourley et al., 2013; Gourley et al., 2008) , CORT exposed females consumed less sucrose, which is thought to model anhedonia in humans (see also Mekiri et al., 2017) . A key next step in these experiments is to determine whether DPH corrects anhedonic-like behavior or decision-making abnormalities following stressor exposure.
Together, our findings suggest that effective therapeutic strategies for stress-related illnesses could include agents that directly target regulators of actin polymerization or turnover, or those that act indirectly -for example, ketamine, an NMDA receptor antagonist, has rapid antidepressant-like properties that are associated with dendritic spine proliferation in deep-layer prefrontal cortex (Li et al., 2010) . Recent investigations indicate that behavioral benefits are likely attributable to actions on apical, but not basal, branches (Liu et al., 2015) . Meanwhile, the degeneration of basal, but not apical, hippocampal CA1 arbors coincides with depression-like behavior (Gourley et al., 2013; Fig. 5) . Further elucidation of the specific cell types and cell subregions that contribute to stressor-related disease, recovery, and resilience may shed light onto the mechanisms by which certain treatment approaches are effective, while others fail, and may also illuminate new strategies to combat illness.
Supplementary data to this article can be found online at https:// doi.org/10.1016/j.mcn.2017.10.007.
